The Ig heavy (H) chain plays a pivotal role in the regulation of primary B cell development through its association with a variety of other proteins including Iga and Igb, the surrogate light chain components and bona fide L chains, to form transmembrane signaling complexes. Little is known about how alterations in the structure of the H chain variable region influence association with these proteins, or the signaling capacity of the complexes that form. Here we describe a line of V H 'knockin' mice in which the transgene-encoded V H region differs by eight amino acid residues from the V H region in a V H knockin line we previously constructed and characterized. The transgenic H chain locus in the line of mice we characterized earlier efficiently promotes H chain allelic exclusion and all phases of primary B cell development, resulting in the generation of mature B1, marginal zone (MZ) and follicular (FO) B cell compartments. In contrast, the transgenic H chain locus in the new line fails to enforce allelic exclusion, as evidenced by the majority of peripheral B cells expressing two H chains on their surfaces. Moreover, this locus inefficiently drives bone marrow B lymphopoiesis and FO B cell development. However, this H chain locus does promote MZ B cell development, from precursors that appear to be generated during fetal and neonatal life. We discuss these data in the context of previous findings on the influence of Ig H chain structure on primary B cell development.
Introduction
Mouse B lymphopoiesis takes place throughout life. Fetal and neonatal development occurs in the omentum, liver and then spleen. After birth, the major site of B lymphopoiesis shifts to the bone marrow (BM) and continuous production of B cells from this primary organ continues during adult life (1) (2) (3) (4) . The peripheral lymphoid organs and sites are seeded by several distinct types of mature B cells including B1, marginal zone (MZ) and follicular (FO) B cells. If adult B lymphopoiesis is blocked by inactivation of the Rag-1 gene at birth, or due to an IL-7 deficiency, B1 and MZ, but not FO, B cells stably populate the periphery (5, 6) . These results are in accord with numerous studies indicating that much of the murine FO B cell compartment is derived from adult lymphopoiesis in the BM, while a major phase of B1 B cell development takes place in the fetus (1) (2) (3) (4) (5) . By comparison, additional data regarding the developmental origin of MZ B cells are limited and often contradictory (7, 8) .
Ig heavy (H) chains play critical roles in controlling multiple stages of B cell development. Mice deficient in the membrane form of the l H chain lack mature B cells due to a developmental block at the pre-B cell stage (9) . Association of the H chain with the Iga and Igb signaling co-receptors results in formation of a complex whose function is absolutely required for normal developmental progression (10, 11) . Moreover, the V H region of this complex also can associate with the surrogate light chain (SLC) components k5 and V-pre-B, creating the pre-BCR (12) . One function of the pre-BCR appears to be to promote the proliferative stage of adult pre-B cell development (13) .
During the pre-B cell phase of development, most B cells become committed to the expression of only one of the two available antibody H chain loci, a phenomenon termed allelic exclusion (14) . While the mechanism responsible for H chain allelic exclusion remains incompletely understood, and has been debated for years (15) (16) (17) , it seems clear that several factors contribute to this end result. These include the low probability of productive rearrangement of the two H chain loci in a single cell (15) , and the action of feedback and feed forward developmental mechanisms that regulate the recombination and transcriptional activity of the Igh loci and are triggered by the expression of H chain protein (17) . The discovery of the pre-BCR prompted speculation that it was this form of the l H chain that mediates H chain allelic exclusion (18) . However, recent data obtained from mice deficient in all conventional components of the SLC complex suggest that expression of a functional pre-BCR is not required for this process (19) . While it has been shown that surface expression of two transgenic H chains is compatible with the development of mature B cells (20) , the frequency of B cells in normal mice that express both Igh alleles in the form of BCRs is extremely low (21) , despite the fact that pre-B cells containing two productively rearranged Igh loci are readily detected in normal mice (22) .
The structural and functional components of the Ig H chain necessary for promoting primary B cell development have been extensively investigated. Recent studies in which chimeric forms of the Iga and Igb co-receptors (23) , or surrogate receptors that signal in a similar fashion (24) , have been shown to promote many phases of this development have indicated that the most critical role of the H chain is to allow expression of these co-receptors in the form of an integral membrane-signaling complex. Given these findings, previous studies where expression of altered or unnatural forms of the H chain was found to fail to recapitulate the role of the l H chain in primary development (reviewed in 25) can be explained by the inability of these H chains to nucleate the assembly of functional pre-BCR-or BCR-signaling complexes.
In this regard, studies on the expression of the V H 81X gene segment during B cell development first suggested that not all V H structures are compatible with efficient adult B lymphopoiesis. This variable (V) gene is frequently expressed among fetal B cells and adult pre-B cells but is grossly underrepresented in the adult peripheral B cell pool (26, 27) . Subsequent biochemical studies demonstrated that several V H 81X H chains associate poorly, if at all with the SLC components (28) . More recent studies have shown that V H 81X is not idiosyncratic in this regard. H chains with V H regions derived from members of the small V H 11 and V H 12 families also promote fetal, but not adult, B lymphopoiesis and do not, in general, appear to associate well with the SLC components (29, 30) . These results suggest that the regulatory influences of the pre-BCR differ during adult and fetal/neonatal B lymphopoiesis (29) .
We have described a line of V H 'knockin' mice, termed HKI65, that express a transgene-encoded V H region derived from a B cell clonotype that dominates the immune response of A/J mice to the hapten arsonate (Ars). This V H gene includes a J558 family V H segment that lacks somatic mutations, and is thus representative of the form of this V gene expressed by primary B cells in normal mice. The HKI65 knockin locus promotes efficient development of B1, MZ and FO subsets and H chain allelic exclusion (31) . Here, were report the construction and analysis of a new line of V H knockin mice, termed HKI71, containing a V H gene that differs from the HKI65 V H gene at only eight amino acid positions. Six of these amino acid substitutions are the result of somatic hypermutation during an immune response to Ars and two appear to be due to junctional diversity. Strikingly, the majority of adult splenic B cells in mice hemizygous for the HKI71 locus expresses surface IgM (sIgM) encoded by both HKI71 and the endogenous Igh loci, that is these B cells are H chain allelically included. Moreover, mice capable of expressing only the HKI71 locus contain predominantly MZ B cells and many of these MZ cells appear to be derived from precursors generated during fetal and neonatal life. These data have important implications for our understanding of the structure of V H domains compatible with allelic exclusion and fetal and neonatal versus adult B lymphopoiesis, as well as the developmental origin of MZ B cells.
Methods

Mice
Construction of the HKI65 line of mice has been described previously (31, 32) . The HKI71 line was generated in an identical fashion (see Fig. 1 ) and was progressively bred from a mixed 129/C57BL/6 background to a C57BL/6 background. These mice were crossed to JHD (C.B17 background), lMT (C57BL/6 background) or Vj1060 (C57BL/6 background) transgenic mice, and the H chain and L chain genotypes of offspring evaluated by PCR of DNA obtained from tail clips. The Vj1060 line was constructed as described (33) and contains a conventional transgenic array encoding a Vj10A-Jj1 kappa light (L) chain. Mice were housed in a barrier rodent facility in micro-isolator cages and were given autoclaved food and water. In most experiments, adult mice of 8-12 weeks of age and of both sexes were used. For the analysis of neonatal mice, timed matings were set up and time of conception was assayed by vaginal plugs. Seven days after birth, mice were sacrificed and livers and spleens were removed for analysis. Tail clips were also taken for retrospective genotyping by PCR. All experiments using mice were approved by the Institutional Animal Care and Use Committee.
Flow cytometry
Single-cell suspensions were prepared from lymphoid organs and peritoneal lavages and immunostained following protocols described before (31, 32) . Mild acid stripping of splenocytes was performed according to Jimenez et al. (34) . 
Immunohistochemistry and immunofluorescence
Spleens from 8-to 12-week old naive mice were frozen, and cryosections were prepared and processed as previously described (35) . Sections were stained with combinations of various mAbs (described above), as well as anti-MOMA-1-FITC (SeroTech, Raleigh, NC, USA), analyzed on a fluorescence microscope and digital images were captured. For confocal microscopy, dissociated splenocytes were adjusted to 5 3 10 5 cells ml ÿ1 and placed on glass slides by cytospin centrifugation at 80 3 g min. After fixation with 4% PFA in PBS, the slides were washed with PBS and blocked with Trisbuffered saline/BSA/Tween 20, rewashed and stained with IgM a -PE and IgM b -FITC in a moist chamber for 1 h at room temperature. After extensive washing, slides were imaged with a confocal laser-scanning microscope (Zeiss 510 Meta).
Autoreconstitution
Adult mice were exposed to a sub-lethal dose of whole-body gamma irradiation (500 or 550 rad) as described before (36) and were allowed to rest for 3 or more weeks. Cells were then obtained from lymphoid organs, labeled and analyzed by flow cytometry as described above.
Results
The methods used to generate the V H knockin locus in the HKI71 mouse line were identical to those used to generate the HKI65 knockin locus (31, 32) and are illustrated in Fig. 1(A) . As a result, the HKI71 line differs from the HKI65 line only in the structure of its 'knocked in' V H gene. The location and type of amino acid differences that distinguish these two V H genes are illustrated in Fig. 1 
(B).
Transgenic H chain expression and allelic exclusion in the knockin mice BM and spleen cells from HKI65 and HKI71 adult (8-12 week old) transgene hemizygous mice, as well as non-transgenic littermates were stained with anti-B220 in combination with allotype-specific anti-IgM reagents to evaluate transgene expression and allelic exclusion. Figure 2(A) shows that, as previously reported (31) , whereas the majority of HKI65 BM B cells expresses the knockin H chain allotype (IgM a ), approximately half of the splenic B cells in these mice express an endogenous (IgM b ) H chain. This phenomenon has been observed in several other V H knockin mice (31, 37, 38) and appears to result predominantly from the inactivation of the knockin locus by Rag-mediated recombination events, allowing subsequent rearrangement of the endogenous locus (37) . Despite this, H chain allelic exclusion is maintained among HKI65 B cells, as individual BM or splenic B cells expressing both sIgM a and sIgM b are not apparent. Analysis of the BM of HKI71 hemizygous (HKI71/+) mice showed that the B cell compartment was heterogeneous, consisting of a minor sub-population expressing sIgM a , and major sub-populations expressing both sIgM a and sIgM b , or sIgM b only ( Fig. 2A) . In spleen, three major sub-populations of B cells were observed, one that expressed moderate levels of sIgM b and high levels of sIgM a , one that expressed roughly equal levels of these two alleles and one that expressed sIgM b only. These data suggest that as in HKI65 mice, inactivation of the HKI71 knockin locus allows a sub-population of sIgM bexpressing B cells to develop but, in contrast to the situation in HKI65 mice, many peripheral B cells display surface expression of both the transgenic-encoded H chain and a H chain encoded by the endogenous Igh locus. Similar results were obtained after excluding cellular aggregates from the analysis using forward-scatter area versus pulse width parameter gating. Moreover, mild acid treatment of spleen cells to remove cytophilic antibody before staining and flow cytometric analysis did not alter the results obtained (data not shown).
As the neomycin resistance (Neo) gene had not been removed from the HKI65 and HKI71 Igh loci, we considered that this gene was affecting allelic exclusion by these loci. To test this idea, we deleted this gene by crossing to a Creexpressing transgenic line (see Fig. 1 ), and repeated the above analyses. Figure 2 (B) shows that this resulted in a reduction in the frequency of sIgM b -expressing B cells in both adult HKI65 and HKI71 spleens. Thus, the Neo gene promotes the development of B cells expressing the endogenous H chain allele. This could result from an inhibitory effect of expression of this gene on transcription levels of the adjacent H chain gene due to 'promoter competition' (39, 40) . Also, transcription of the Neo gene might enhance the frequency of Rag-mediated events that inactivate the knockin locus by keeping the upstream D region in an 'open' chromatin conformation (41, 42) . Nonetheless, the majority of splenic B cells in HKI71Neo ÿ hemizygous mice expresses both sIgM a and sIgM b . To corroborate this finding, spleen cryosections and cell suspensions from HKI71 and HKI65 mice were stained with anti-IgM a and anti-IgM b reagents and analyzed by fluorescence microscopy or confocal microscopy, respectively. These analyses revealed a high frequency of cells with fluorescence emissions consistent with staining by both antiIgM reagents in HKI71, but not HKI65 mice (results from cell suspension staining shown in Fig. 2C ). HKI71Neo ÿ mice were also found to be mildly B lymphopenic, displaying~40% and 3-fold reductions in B cell numbers in spleen and LN, respectively (data not shown).
Further (Fig. 3B) .
The splenic B cell compartment of HKI71 mice lacking a functional endogenous H chain locus is composed predominantly of MZ B cells
The above data suggested that the HKI71 H chain preferentially promotes development to MZ phenotype and, thus, generation of FO B cells in HKI71 mice requires the coexpression or exclusive expression of BCRs encoded by the endogenous Igm b locus. To examine this possibility, HKI71 mice were crossed to mice with targeted alterations of the H chain locus (lMT or JHD) (9, 43) that preclude the expression of endogenous l H chains, and splenic and LN B cell compartments in the resulting mice were analyzed by flow cytometry. Figure 4(A) shows that the majority of splenic B cells in HKI71/JHD mice has an MZ cell-surface phenotype. Analogous results were obtained from HKI71/lMT mice (data not shown). In addition, B cell numbers in these mice were moderately (~2-fold) and dramatically (~10-fold) reduced in the spleen and LNs, respectively. As previously reported (31), near-normal numbers of both MZ and FO B cells were found to be present in the spleens, and FO B cells in the LNs of HKI65/ JHD(lMT) mice (data not shown).
To corroborate these flow cytometric studies, immunohistology was performed on the spleens of adult HKI65/JHD and HKI71/JHD mice. Figure 4 The HKI71 H chain locus inefficiently promotes adult BM B lymphopoiesis
As previous studies have shown that MZ B cells can develop and be maintained in the periphery under conditions in which adult BM B cell development is blocked (3, 4), we next addressed whether the HKI71 H chain locus could promote adult BM B cell development. Total B cell numbers in the BM of HKI71/JHD, but not HKI65/JHD, mice were severely reduced relative to littermate mice (>5-fold, data not shown). In addition, whereas relative numbers of the B220 low , CD43 + (pro-B/pre-BI) sub-population were fairly normal in HKI71/JHD mice, there was a 2-fold reduction in the B220 low , CD43 ÿ (pre-BII/immature B) sub-population, and an even more severe reduction in the B220 high , CD43 ÿ (mature, recirculating) subpopulation (Fig. 5) . More strikingly, the frequency of sIgM + B cells in the B220 low /CD43 ÿ (immature B cell) fraction of HKI71/JHD BM was substantially reduced. We previously found that in HKI65/JHD mice, all the various stages of BM B cell development are well represented (31) . Less detailed analysis of the splenic transitional B cell compartment using the mAb AA4.1 revealed a >10-fold reduction of AA4.1 + splenic B cells in the HKI71/JHD mice as compared with HKI65/JHD and non-transgenic mice as well (data not shown).
B cell development in neonatal mice
Taken together, the data above suggested that the MZ B cell population that predominates in the spleens of HKI71/ JHD(lMT) mice might be derived from fetal B lymphopoiesis. To test this idea, we analyzed the B cell compartment in day 7 neonatal liver and spleen from HKI71/JHD mice by flow + and sIgM + lymphocytes, and sIgM + lymphocytes are only~2-fold reduced in number as compared with controls (Fig. 6) . Interestingly, however, these cells generally express lower levels of B220 and higher levels of CD5 as compared with control neonatal B cells. In the neonatal spleen, the number of B220 + cells is reduced in HKI71/JHD mice, but as in liver substantial numbers of sIgM + cells are present that also express low levels of CD5. In both neonatal liver and spleen, B cells expressing high levels of CD21 and low levels of CD23 or high levels of CD1d (data not shown) could not be detected, indicating that mature MZ B cells had not yet developed. This is, perhaps, not surprising, as the MZ of the spleen does not physically arise until more than 2 weeks after birth (7, 8) .
B lymphopoiesis in adult autoreconstituting mice
To further test the possibility that the MZ B cells that populate the spleen of HKI71/JHD(lMT) mice might be derived from fetal B lymphopoiesis, an autoreconstitution approach was taken. In adult mice, given a sub-lethal dose of whole-body irradiation, mature B cells originating from both fetal and adult lymphopoiesis are ablated, and the B cell compartment is reconstituted over a period of weeks by radiation-resistant hematopoietic stem cells in the BM (36) . In one experiment, HKI71/JHD and non-transgenic littermate mice were given 500 rad whole-body irradiation, and allowed to autoreconstitute for 3 weeks. Splenic B cell populations were then analyzed by flow cytometry. In a second experiment, HKI71/lMT mice were given 550 rad and allowed to reconstitute for 7 weeks to determine if slow reconstitution due to uncharacterized transgene effects might be influencing the results. At this time after irradiation, HKI71/ lMT mice were still mature B lymphopenic, but less so than had been observed in the previous experiment. Nonetheless, a predominant MZ compartment was not reconstituted in these mice. Collectively, these data show that when only adult B lymphopoiesis is operative, the large MZ B cell compartment characteristic of HKI71/JHD(lMT) mice does not develop.
The HKI71 locus can promote adult BM B lymphopoiesis when co-expressing with a transgenic kappa L chain
We next evaluated whether the inability of the HKI71 locus to promote H chain allelic exclusion and adult B cell development was due to inappropriate levels of H chain expression or generic toxic effects of the HKI71 H chain. HKI71 mice were crossed to a line of conventional transgenic mice expressing a Vj10A-Jj1 L chain, known to pair with the 36-71 H chain and promote efficient antibody expression in hybridoma cell lines (44) . The BM and splenic B cells of the resulting doubletransgenic mice were then analyzed for H chain allelic exclusion and development of various B cell stages and peripheral subsets, as described above. Figure 8 (A) illustrates that in contrast to HKI71 mice, the HKI71/Vj10A double-transgenic mice (both loci hemizygous) contain splenic B cell compartments in which the majority of B cells expresses only the transgenic H chain locus. This compartment is comprised of two sub-populations, expressing high and low levels of sIgM. Analysis of the sIgM low subpopulation showed it to be sIgD high , CD21 Analysis of B cell compartments in the BM of HKI71/Vj10A double-transgenic mice, as described above, revealed all expected precursor sub-populations, with a 2-fold increase in the size of the pro-B/pre-BI sub-population (Fig. 8B) . Similar results were obtained from spleen and BM of HKI71/lMT/ Vk10A mice (data not shown), supporting the idea that L chain editing allows the MZ compartment to form, and this may explain the expansion of the pro-B/pre-BI compartment in HKI71/Vj10A BM. These data demonstrate that the HKI71 knockin locus can drive relatively efficient BM B cell development when co-expressed with the Vj10A transgene.
To evaluate the developmental origins of the two major splenic sub-populations of B cells in HKI71/Vj10A(lMT) mice, the autoreconstitution protocol described above was employed. Figure 9 shows that 7 weeks after receiving 550 rad whole-body irradiation, the mature splenic B cell compartment was well reconstituted; however, reduction in the MZ compartment was evident. Analyses using the E4 mAb indicated that most, if not all, E4 + B cells were resident in the FO compartment (data not shown). This indicates that, as in un-irradiated HKI71/ Vj10A(lMT) mice, B cells expressing endogenous L chain genes had given rise to the MZ compartment.
Discussion
Expression of a functional Ig H chain is absolutely required for most stages of B cell development, as well as for the maintenance of immature and mature B cell viability. How structural differences in the V H region may influence the diverse assortment of activities required of the H chain protein in this capacity are just beginning to be appreciated, however. Two such functions appear particularly important at present: the ability to pair with SLC components, resulting in the formation of a signaling-sufficient pre-BCR (12, 13, 30) , and influence on BCR specificity for autoantigens that may mediate positive selection of immature B cells into the long-lived peripheral pool (30, (46) (47) (48) (49) (50) . The other major, and betterunderstood effect of the H chain on B cell development, peripheral stability and activity takes place via the operation of tolerance pathways. The mechanistic interrelationship of negative selection and positive selection of B cells by autoantigens is a current subject of debate (51, 52) . Nonetheless, it is generally believed that the nature of antigen receptorautoantigen interactions that mediate these two processes must be quantitatively and perhaps qualitatively distinct, and may also differ during fetal and adult B lymphopoiesis (46) (47) (48) (49) (50) (51) (52) (53) .
Superimposed on this complexity is the influence of homeostatic pathways that function to maintain a relative constant number of each class of lymphocyte in the periphery under steady-state conditions (54) . The most important such pathway for MZ and FO B cells seems to be mediated by the tumor necrosis factor family cytokine BAFF (55) . Moreover, it has been reported that autoreactive, anergic B cells are more reliant on BAFF for peripheral survival than non-autoreactive B cells (56, 57) , indicating that BCR-and BAFF-R-signaling pathways overlap in a manner that collectively determines MZ and FO B cells functional status and peripheral life span (49) .
While all the above factors must be considered as potential explanations for the characteristics of the B cell compartment that develops in HKI71 mice, some seem more probable than others. The perturbation of primary adult B lymphopoiesis in HKI71/JHD(lMT) mice at the immature B cell stage could be explained by a tolerance checkpoint that acts via clonal deletion, or induction of BAFF dependence at this juncture. However, this idea is inconsistent with the finding that fetal B cell development is less severely affected and MZ B cells do develop in these mice, and does not account for why most B cells in HKI71/+ mice are H chain allelically included. Moreover, to explain the results of our autoreconstitution experiments on HKI71/JHD and lMT mice, it would have to be assumed that nearly all HKI71:L chain combinations are strongly autoreactive, and the B cells expressing these combinations subjected to clonal deletion or dramatically reduced peripheral life span. This seems unreasonable and indeed in HKI71/Vj10A double-transgenic mice B cell development appears fairly normal.
A checkpoint that functions via receptor editing is more compatible with the data. However, while editing mechanisms that operate via L chain and H chain replacements, and L chain allelic inclusion have been reported by many groups (58-62), there have been only a handful of reports suggesting a role for H chain allelic inclusion in the regulation of autoreactive B cell development (63, 64) . This is not to say that receptor editing does not take place in HKI71 mice in a sub-population of B cells that initially express H:L combinations that are A more likely, but not mutually exclusive, possibility is that structural differences in the HKI71 as compared with the HKI65 V H region preclude efficient formation or signaling function of the pre-BCR or other complexes that include the l H chain and that regulate H chain allelic exclusion. The existence of the latter complexes has been supported by data showing that B cells in mice deficient in all SLC components still display H chain allelic exclusion (19) . This could explain why essentially all B cells in HKI71/+ mice express either sIgM a and sIgM b , or sIgM b alone. Interestingly, this notion implies that these differences in l H chain function have a less severe impact on fetal, as compared with adult B lymphopoiesis, as previously proposed by Hardy and colleagues (29) . In addition, while the action of tolerance pathways seem an incomplete explanation for the influence of the HKI71 H chain on B cell development and subset distribution, a strong influence on the specificity of the BCRs partially encoded by this H chain and their level of surface expression is likely. This was made apparent by the fact that most MZ B cells in HKI71/ + mice are sIgM a-high , sIgM b-low , while the FO B cells in these mice express similar levels of the knockin and endogenous locus-encoded l H chains or only the l b chain on their surfaces. Moreover, whether or not the periphery of mice in which HKI71 B cells are developing is B lymphopenic appears to influence the B cell subset distribution that results.
Given all these considerations, we propose a model to account for the data we have presented in this study (Fig. 10) . This model is based on three as yet untested assumptions: (i) the HKI71 l H chain inefficiently drives the early stages of B cell development and allelic exclusion due to failure to physically or functionally associate with invariant proteins that form signaling regulatory complexes; (ii) the HKI71 V H region preferentially pairs with L chains that create BCRs with specificities compatible with development of the MZ, but not the FO and B1, B cell compartments and (iii) this MZ development is enhanced during fetal and neonatal periods in the spleen and, perhaps, other lymphoid sites.
In HKI71 hemizygous mice (left side of Fig. 10 ), fetal B lymphopoiesis first seeds the neonatal spleen with precursors that ultimately expand and develop into MZ B cells. Whether these precursors are the B220 low , CD5 + , sIgM + cells observed in our experiments (Fig. 6 ) remains to be formally tested. This pathway is favored in early development due to the 'prefunctional' status of the HKI71 knockin locus, positive selection by self-antigens and perhaps the lymphopenic nature of the neonatal spleen. These MZ cells persist through adult life due to their capacity to 'self-renew' (7, 8) . Concurrently, the inability of the HKI71 l chain to enforce H chain allelic exclusion allows B cells that are H chain allelically included to develop, and cells that express sufficient levels of endogenously encoded BCRs with specificities capable of promoting FO B cell development gradually accumulate. In the context of the previous signal strength models of Pillai and colleagues (50) , one could speculate that the level of signaling via HKI71 locus-encoded BCRs is insufficient to drive FO B cell development, necessitating high-level surface expression of BCRs encoded by the endogenous allele to allow this pathway to operate efficiently.
When the expression of the endogenous Igh locus is blocked in HKI71 mice by the lMT or JHD mutations, only the fetal/MZ pathway operates productively, and the developmental lymphopenia in these mice combined with the inability of the HKI71 H chain to promote adult B lymphopoiesis ultimately results in an adult splenic B cell compartment of reduced size composed nearly entirely of MZ B cells and their putative precursors (Fig. 10, middle) . If these cells are eliminated by sub-lethal irradiation, the inefficient promotion of adult B cell development by the HKI71 H chain results in a persistent B lymphopenic state. Interestingly, despite the fact that these autoreconstituting adult mice are severely B lymphopenic, the MZ compartment is not reconstituted. This reinforces the idea that many of the precursors to the MZ compartment in HKI71 mice are generated during fetal/ neonatal life.
The introduction of the Vj10A transgene rescues both fetal and adult B lymphopoiesis in HKI71 mice by enforcing expression of a functional BCR-signaling complex on the cell surface. This renders the regulatory pathways normally subserved by the l chain in association with other proteins such as the SLC components less important (65) (66) (67) . In addition, this particular H:L combination either encodes a BCR specificity that is incompatible with efficient MZ B cell development or its expression results in a developmental intermediate necessary for MZ development being 'bypassed.' As such, during both fetal and adult B lymphopoiesis, B cell production is robust, and peripheral lymphopenia never develops. Consequently, a relatively normal number of MZ B cells accumulate in these mice, but this requires expression of an L chain other than that encoded by the Vj10A transgene, presumably via L chain editing processes (Fig. 10, right) . When these double-transgenic mice are sub-lethally irradiated, the peripheral B cell compartment is rapidly reconstituted by cells largely destined to become FO B cells. This results in a reduction in the MZ compartment, perhaps due to inefficient editing of the Vj10A transgene, a fetal origin of most of the MZ precursors or both.
While this model is hypothetical, and future studies will clearly be required to test its major tenets, it emphasizes the cumulative nature of the effects of alterations in H chain function by the V region at different stages of B cell and organismal development, and the influence of homeostatic forces on the penetrance of such effects. In addition, it supports previous conclusions that MZ B cells can be derived from fetal/neonatal hematopoiesis (3, 4) , and that the regulatory requirements of the H chain differ at this stage of B cell development as compared with during adult B lymphopoiesis (29) . Perhaps most importantly, it reinforces the notion that the mature B cell subset composition and BCR repertoire of the adult B cell compartment are determined by an extremely dynamic process in which Ig V regions play a pivotal regulatory role (41) (42) (43) (44) (45) (46) (47) (48) (49) .
It should be emphasized that this model does not adequately account for the regulation of development of the B1 B cell population in HKI71 mice. A large body of data suggests that the generation and maintenance of the B1 B cell sub-population depend on pathways distinct from those that regulate MZ and FO B cell development and activity (3, 4, 30, (68) (69) (70) . In HKI71/+ mice, peritoneal B1 cells do not express the HKI71 (IgM a ) locus alone, and the majority of these cells expresses sIgM b only. This indicates that the HKI71 l chain does not support B1 development and is compatible with the idea that only a limited number of H chain V region structures can efficiently drive this process (29, 30) . However, in apparent contradiction of this idea, in HKI71/lMT (JHD) mice, levels of CD5 + and other B1 type B cells are not reduced in the peritoneal cavity (data not shown). Characterization of the developmental origin and BCR repertoires of the B1 compartments that arise under these two conditions may provide insight into this issue.
It is surprising that the transgenic expression of two V H genes that differ by only eight amino acids can have such dramatically distinct influences on multiple stages of primary B cell development. Nonetheless, the previous studies of Storb and colleagues have shown that even a single amino acid difference in the V domain of the BCR can dramatically alter primary B cell development (71) . In this regard, we should reiterate that at least six of the eight amino acid differences between the HKI65 and HKI71 V H regions resulted from somatic hypermutations during an antigen-driven immune response; that is at a time when the only presumed functional requirements of the V H region were to pair with an L chain to form a BCR that lacked autoreactivity and had affinity for the driving antigen. Future studies of the amino acid differences responsible for the various phenotypic characteristics displayed by HKI65 and HKI71 B cell compartments are likely to provide new insight into the V H region structural requirements for regulation of several key steps in primary B cell development. 
